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Summary
Objective: The effect of chondroitin sulphate (CS) treatment on the friction and deformation characteristics of native and glycosaminoglycan
(GAG) deﬁcient articular cartilage was investigated.
Methods: Friction tests were conducted at 0.4 MPa load, in Static and Dynamic models, to determine the startup coefﬁcient of friction (COF)
and dynamic COF, respectively. Native cartilage: For each cartilage pin and plate couple, the COF was determined under three consecutive
tests e (1) baseline COF in PBS (2) COF in CS lubricant and (3) COF again in PBS, after 24 h CS treatment. GAG deficient cartilage: For each
cartilage pin and plate couple, the baseline COF was determined in PBS initially and again following enzymatic treatment to deplete GAGs.
The specimens were then soaked in CS solution for 24 h and the COF determined again in PBS. In a similar manner, friction tests were
replaced with indentation tests to study the deformation of the tissue.
Results: CS at 50 mg/ml signiﬁcantly lowered the startup COF of native cartilage both as a lubricant and a treatment solution. In the dynamic
model, where the ﬂuid load support is sustained at a high level, CS failed to have any effect on the COF of native cartilage. GAG depletion
raised the friction and deformation levels of cartilage, and subsequent CS treatment failed to lower them to their native levels.
Conclusion: CS proved to be an effective lubricant for cartilage under mixed-mode lubrication conditions. However, supplemental CS that
diffused into the specimens had no inﬂuence on the ﬂuid load support of cartilage.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoarthritis is a debilitating disease that involves the loss
of cartilage tissue in the articulating joints. One of the com-
mon approaches for curbing the progression of osteoarthri-
tis is the use of oral supplements of chondroitin sulphate
(CS) and glucosamine or variants of these, although their
utility is still debatable1,2. An alternative approach, that
has not been considered might be to directly supplement
the affected joints with CS that may contribute signiﬁcantly
to the biomechanical function of cartilage tissue.
Glycosaminoglycans (GAGs) play an important role in the
friction and deformation properties of articular cartilage3.
GAG molecules contain sulphate and carboxyl groups,
which due to their highly charged nature, trap water and
other small molecules between their chains, creating
a Donnan osmotic equilibrium partially responsible for the
overall compressive stiffness of the cartilage tissue4. The
charged nature of these GAG chains, also offers strong re-
sistance to interstitial ﬂuid ﬂow leading to the very low per-
meability values for articular cartilage. Hence, when a load
is applied, the interstitial ﬂuid ﬂow is accompanied by large
drag forces that generate pressure gradients which are ca-
pable of supporting the applied load until the ﬂuid gets*Address correspondence and reprint requests to: John Fisher,
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1001completely exuded away into the joint space or other un-
loaded regions. As the interstitial ﬂuid pressurization sub-
sides, the applied load is gradually transferred to the solid
phase of articular cartilage and at equilibrium conditions,
all the load is borne by the solid phase. Forster and Fisher5
coined the term ‘biphasic lubrication’ to describe this phe-
nomenon as it was based on the biphasic theory proposed
by Mow et al.6 The ﬂuid load support can be maintained at
a high level as long as the rehydration of the previously
loaded areas of the tissue is allowed. At equilibrium condi-
tions, when the ﬂuid load support is minimal, boundary lubri-
cation comes into effect.
Clinically, a decrease in the rate of GAG synthesis is
indicated in the later stages of osteoarthritis7. Under in vitro
experimental setups, GAG loss has been shown to result in
raised coefﬁcient of friction (COF) levels8e12 and deforma-
tion10,13,14 in the cartilage tissue. In such cases, supple-
menting these joints with CS, the most abundant GAG in
articular cartilage, may prove beneﬁcial. In an in vitro study,
Basalo et al.15 have shown that CS can reduce the friction
coefﬁcient of native articular cartilage tissue while articulat-
ing against polished glass. The effect of supplemental CS
on GAG deﬁcient articular cartilage is yet to be investigated.
The current study examined the hypothesis that CS lubri-
cant/treatment can be an effective contributor to biphasic
and mixed-mode lubrication of articular cartilage. An in vitro
pin-on-disk setup was used to study the effect of CS on the
startup and dynamic friction properties of native and GAG
deﬁcient articular cartilage in a cartilage articulating against
cartilage conﬁguration. Indentation tests were used to study
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tissue. A qualitative ﬂuorescence microscopy study was un-
dertaken to investigate the localization of supplemental CS
into cartilage tissue.Materials and methodsMATERIALSCartilage samples
Articular cartilage pin (9 mm diameter) and plate (ca 20 mm 25 mm
10 mm) samples were acquired from patello-femoral grooves of 18 month
old bovine knee joints with the help of specially designed drill-aided corers
and a hand-saw. The subchondral bone (w10 mm thick) was retained along
with the cartilage tissue for ease of handling the specimens and proper ﬁxa-
tion during the friction and indentation tests. More than 36 pairs of pin and
plate specimens were harvested from 12 different joints obtained from 12 dif-
ferent animals. Cartilage plate and pin specimens were stored frozen
(20C) in PBS until further use. Prior to any testing, specimens were de-
frosted in a water bath at 37C. Cartilage specimens were used within
a month of acquisition. Earlier studies comparing the tribological properties
of cartilage tissue have shown no signiﬁcant difference between fresh tissue
and cartilage tissue that had undergone just one cycle of freeze-
thawing16e18.
Chondroitinase ABC (CaseABC) enzyme solution
CaseABC enzyme (from Proteus Vulgaris, Sigma) was utilized to deplete
GAGs from cartilage. Cartilage specimens were treated for 24 h at 37C with
the enzyme solution at a concentration of 0.1 U/ml in an aseptic buffer solu-
tion (pH 8) containing 50 mM TriseHCl, 60 mM sodium acetate, 0.02%(w/v)
bovine serum albumin and an antibiotic solution10. CaseABC enzyme at this
strength and protocol has been shown to deplete more than 50% of the
GAGs from native cartilage samples10.
CS lubricant
CS was tested at two different concentrations e 10 mg/ml and 50 mg/ml
dissolved in PBS. CS 10 mg/ml represented the physiological concentrations
of CS isomers found in bovine cartilage tissue19,20, and CS 50 mg/ml was
chosen to represent a supersaturated CS solution that can be used for joint
supplementation. Preliminary dimethylmethylene blue (DMB) assays
showed that 50 mg/ml CS increased the CS concentration of the tissue sig-
niﬁcantly. CS was made by mixing CS A (Biochemika, 27042), CS B (Sigma,
C3788), and CS C (Sigma, C4384) in the ratio of 1:0.1:1 at both the concen-
trations. This ratio was derived from the literature which estimated the con-
centrations of different types of CS in the articular cartilage of 1.5e2 years
old heifers20. Cartilage samples were treated with CS solution for 24 h at
4C under mild agitation using a shaker at 300 rpm.METHODSAll the friction tests were conducted on a reciprocating motion pin-on-plate
machine21 at a load of 25 N (0.4 MPanominal contact stress). The cartilage pin
was loaded and held static against the cartilage plate, which was ﬁxed in a res-
ervoir that could reciprocate continuously for a set distance at a set speed. The
frictional force between the pin and the plate was transmitted to a piezoelectric
force sensor that was pre-calibrated with known weights, to enable the calcu-
lation of frictional force between the pin and plate. COF was calculated as the
ratio of thismeasured frictional force to the applied normal load on the cartilage
pin. Two friction models were used e Dynamic (4 mm/s sliding velocity; 4 mm
stroke length; 1 h long) that measured the COF under biphasic lubrication con-
ditions, and Static model (4 mm/s startup velocity) that recorded the startup
COF after a constant period of pre-loading (5 s, 0.5, 2, 5, 10 and 20 min) under
mixed-lubrication conditions. Previous studies have shown that in theDynamic
model COF remains low for long duration10,21,22 due to effective biphasic lubri-
cation associated with cyclic unloading of the cartilage plate. In contrast, in the
Static case, the friction rises with increasing pre-loading time indicating re-
ducedﬂuid load support, increasedsolid phasecontact andahighdependency
on lubricationmechanisms such as boundary5,21. A low sliding speed of 4 mm/
swas adopted to ensure the contacts remained in amixed-mode lubrication re-
gime during sliding and hence eliminating any ﬂuid ﬁlm formation between the
articulating surfaces5,16.
Effect of CS treatment on native cartilage
For each native cartilage pin and plate couple, the baseline COF was
determined initially in PBS lubricant. PBS was then replaced with CS lubri-
cant, and the friction test was repeated on the specimens with a recoveryperiod of at least 2 h (in PBS) between the tests. Immediately after the
second friction test, the same cartilage specimens were soaked in freshly
prepared CS solution for 24 h and the friction test repeated again in fresh
PBS lubricant. The process was repeated for both CS solution concentra-
tions, 10 mg/ml and 50 mg/ml, with a set of new cartilage specimens and
under both Static and Dynamic friction models. Additionally, the effect of
soaking cartilage specimens in plain PBS for 24 h was studied using a con-
trol group consisting of six pairs of native cartilage pins and plates. The
same steps outlined above were followed except that these specimens
were treated with PBS for 24 h instead of CS solution before determining
the repeat COF.
Effect of CS treatment on GAG deficient articular cartilage
Initially, for each cartilage pin and plate couple, the baseline COF was de-
termined in PBS in the Dynamic friction model. The cartilage pin and plate
specimens were then treated with the CaseABC enzyme as described above
and the COF measured again in PBS. The same cartilage pin and plate
specimens were then treated for 24 h with CS solution (50 mg/ml) at 4C
and the friction test repeated in PBS lubricant to measure the COF. Static
friction model was not used with GAG deﬁcient cartilage since it has already
been shown in an earlier study10 that loss of GAGs did not result in an in-
creased COF under such conditions.
In addition to the friction characteristics, the effect of CS treatment on the
deformation of GAG deﬁcient cartilage was studied in a similar fashion to that
described above, except that the friction tests were replaced by indentation
tests10,21. The indentation tests were carried out with a solid ﬂat-ended stain-
less steel 3 mm diameter indenter against cartilage plate specimens in
a PBS bath. The deformation of the tissue with time was recorded under
a creep load of 1 N (0.14 MPa contact stress) for 50 min. At the end of the
indentation tests, the thickness of the cartilage tissue on the plate specimens
was estimated using a needle indenter.
The results from the friction and indentation tests were analyzed using
Analysis of Variance (ANOVA) within-subject design, and pair-wise compar-
isons were performed using Bonferroni post-hoc analysis23.
DMB assay
The 1, 9-dimethylmethylene blue (DMB) assay24 was used to estimate
the amount of sulphated sugars (representative of GAGs) in native carti-
lage, and samples treated with CS 10 mg/ml and 50 mg/ml for 24 h at
4C under mild agitation (DMB1). Nine previously unused cartilage pins
from three different animals (three pins per animal) were used in the
assay.
In a second assay (DMB2), three native cartilage pins (all from dif-
ferent animals; previously unused) were treated with CaseABC for
24 h at 37C followed by CS 50 mg/ml for 24 h at 4C. GAG content
was estimated in these specimens while they were in their native con-
dition, after CaseABC treatment and after CS 50 mg/ml treatment.
Prior to both the assays, cartilage tissue was lyophilized and treated
with Papain buffer for 48 h at 60C to hydrolyse the tissue. Previous
studies have reported a GAG content between 2% and 5% wet weight
for native bovine cartilage8e10,25. Data was analyzed using ANOVA
between-subject and within-subject designs for DMB1 and DMB2,
respectively.
Fluorescence microscopy
The localization of CS in the cartilage tissue was visualized using Fluores-
cein-amine (MW¼ 347.32 g/mol) conjugated chondroitin sulphate (CSF) and
ﬂuorescence microscopy techniques. The conjugation was achieved by ac-
tivating random OH groups of the CS with cyanogen bromide to form very
reactive cyanate ester intermediates on the surface of CS which were imme-
diately reacted with Fluorescein-amine to form stable isourea bonds between
the carbohydrate and the dye26e29.
Native cartilage pins treated with plain CS (50 mg/ml); native and GAG
deﬁcient cartilage treated with 10 mg/ml and 50 mg/ml CSF for 24 h, were
sectioned transversely through the depth (w50 mm sections) and viewed un-
der a Zeiss upright LSM510 microscope (Argon 488 nm laser, Standard FITC
ﬁlter) to record the localization of CS.
Rheology
The shear viscosity of PBS, CS 10 mg/ml, and CS 50 mg/ml was deter-
mined using a Bohlin CVO 120 rheometer in a cone on plate conﬁguration
(cone angle: 1, diameter: 60 mm) at 20C. Approximately 0.8e1 ml of the
sample was loaded on the rheometer plate and the cone lowered to a prede-
termined level of 30 mm above the plate. The shear viscosity experiments
were carried out in 10e1000 s1 shear rate range and the viscosity was
measured as a function of increasing shear rate. Earlier studies have indi-
cated that the viscosity of a lubricant can inﬂuence its ability to lubricate car-
tilage tissue22,30,31.
Fig. 1. Effect of CS (10 mg/ml) solution on the COF of native cartilage in the Dynamic model both as a lubricant during the test and after
soaking the cartilage samples in the CS solution for 24 h. Error bars: SE (n¼ 6).
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The control group showed that soaking cartilage speci-
mens for 24 h in plain PBS did not have any effect on the
friction properties of the tissue in either friction model. In
the Dynamic friction model with native cartilage, neither
having CS in the lubricant nor treating the cartilage samples
with CS solution for 24 h had any beneﬁcial effect on the
COF levels. This was true at both 10 mg/ml (Fig. 1) and
50 mg/ml (Fig. 2) CS concentrations.
In the Static friction model, replacing the PBS lubricant
with CS 10 mg/ml reduced the startup COF signiﬁcantly
(p< 0.05) only at 20 min pre-loading time by approximately
10% (Fig. 3). Soaking the cartilage samples in CS 10 mg/ml
for 24 h had no signiﬁcant effect on the COF of cartilage
samples at any pre-loading times tested. In the case of
CS 50 mg/ml (Fig. 4), simply replacing the PBS lubricant
with CS 50 mg/ml reduced the startup COF signiﬁcantly at
pre-loading times of 2 min and above. Soaking the cartilage
samples with 50 mg/ml CS solution for 24 h reduced the
startup COF signiﬁcantly at pre-loading times of 5 min and
above. For instance, at 20 min pre-loading time, replacing
the PBS with CS 50 mg/ml reduced the COF signiﬁcantlyFig. 2. Effect of CS (50 mg/ml) solution on the COF of native cartilage i
soaking the cartilage samples in the CS so(p< 0.05) by w45% and soaking the cartilage samples
for 24 h in CS 50 mg/ml solution reduced the startup COF
signiﬁcantly (p< 0.05) by w20% (Fig. 4).
CaseABC treatment depleted GAGs from native cartilage
and this caused a signiﬁcant (p< 0.03 at 60 min loading
time) increase in the COF in the Dynamic model supporting
previous ﬁndings8e10,12. Treating the GAG depleted carti-
lage samples with 50 mg/ml CS solution for 24 h failed to re-
store the COF levels to that of native cartilage (Fig. 5) or
provide any reduction in the raised COF.
In the indentation tests, CaseABC treatment signiﬁcantly
(p< 0.002) increased the deformation levels to more than
twice that of native cartilage samples (Fig. 6) as had been
observed previously10,13. Treatment of these GAG deﬁcient
cartilage samples with 50 mg/ml CS solution for 24 h failed
to restore the deformation levels to that of native cartilage
specimens.
The DMB1 (Fig. 7) assay showed that treating the carti-
lage specimens for 24 h with 10 mg/ml and 50 mg/ml CS
solutions increased their sulphated sugar content [% wet
weight of tissue; mean (n¼ 3) SE] to 3.1 0.04 and
4.2 0.23, respectively, from 2.9 0.1 for native cartilage
specimens. Cartilage specimens treated with 50 mg/ml CSn the Dynamic model both as a lubricant during the test and after
lution for 24 h. Error bars: SE (n¼ 6).
Fig. 3. Effect of CS (10 mg/ml) solution on the COF of native cartilage in the Static model both as a lubricant during the test and after soaking
the cartilage samples in the CS solution for 24 h. Error bars: SE (n¼ 6). *p< 0.05, **p< 0.001.
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treated with 10 mg/ml CS solution or the native cartilage
specimens (p< 0.05 in both cases). In the second assay
DMB2 (Fig. 7), native cartilage specimens had a GAG con-
tent of 2.37 0.21, while CaseABC treatment reduced it to
0.82 0.39, and subsequent treatment with CS 50 mg/ml
solution raised it to 3.76 0.43 [% wet weight of tissue;
mean (n¼ 3) SE].
The diffusion of supplemental CS into the cartilage tissue
was further conﬁrmed through ﬂuorescence microscopy
(Fig. 8) which showed that CSF 50 mg/ml penetrated
deeper into GAG deﬁcient (CaseABC treated) cartilage
tissue compared to the native tissue.
The three lubricants PBS, CS 10 mg/ml and CS 50 mg/ml
showed typical Newtonian ﬂuid behavior with minimal
change in viscosity over a shear rate range of
10e1000 s1. The viscosities of CS 50 mg/ml and CS
10 mg/ml were 6.5 mPa s and 2 mPa s, respectively, while
PBS had a viscosity of 1.3 mPa s. Bovine synovial ﬂuidFig. 4. Effect of CS (50 mg/ml) solution on the COF of native cartilage in th
of cartilage samples in the CS solution for 24 h. Ehas similar viscosity values (w4 mPa s) at shear rates
used in this study. However, compared to the Newtonian
behavior of the lubricants studied here, synovial ﬂuid has
been shown to display rheopectic behavior (increase in
stress with shear)32.Discussion
The DMB assays and ﬂuorescence microscopy studies
provided evidence that CS was able to diffuse into the car-
tilage tissue, but only at the higher concentrations and at
a higher rate into GAG deﬁcient cartilage tissue compared
to native cartilage tissue. The higher rate of diffusion of
CS into GAG deﬁcient cartilage may be due to the higher
concentration difference between the tissue and the bathing
solution or the relative reduction in the ionic forces that can
resist the diffusion of supplemental CS when compared to
native cartilage or due to both.e Static model both as a lubricant during the test and after treatment
rror bars: SE (n¼ 6). *p< 0.05, **p< 0.001.
Fig. 5. Effect of CS (50 mg/ml) solution treatment on the COF of GAG deﬁcient cartilage in the Dynamic model. PBS was used as the lubricant
in all the three tests. Error bars: SE (n¼ 6).
1005Osteoarthritis and Cartilage Vol. 17, No. 8In the Static friction model, the ﬂuid phase load support in
cartilage reduces with increasing pre-loading time21.
Hence, at longer loading times, boundary lubrication con-
tributes signiﬁcantly and CS at 50 mg/ml was an effective
boundary lubricant when compared to PBS under these
conditions. This reduction in the COF when compared to
PBS became smaller when the cartilage samples were
soaked in CS 50 mg/ml or 24 h and tested again with
PBS as the lubricant. Under constant load, and at longer
loading times (>5 min), the absorbed CS may get exuded
on to the surface (similar to weeping lubrication mecha-
nism), and aided in reducing the startup COF.
A comparison of the reduction in the startup COF due to
the presence of CS to that of hyaluronic acid (HA)22 can
provide an idea of the lubricating ability of CS. The ability
of HA to reduce COF has been described in an earlier study
that used a very similar experimental setup, and testing
conditions as the current study22. If m is deﬁned as the
COF, the ratio (mHA/mPBS) was determined to be 0.4 for
HA at 10 mg/ml concentration at 20 min pre-loading time
in the Static friction model22, compared to the (mCS/mPBS)
of 0.57 and 0.89 for CS 50 mg/ml and CS 10 mg/ml, respec-
tively in this study. HA was able to reduce the COF levels
further than CS at a concentration 1/5th of the CS solution.
The difference could be due to the different rheologicalFig. 6. Effect of CS (50 mg/ml) solution treatment on the normalized defo
tation tests. All the three indentation tests were perbehaviors of these materials. HA was shown to be
a shear-thinning lubricant with a high viscosity22 even at
high shear rates when compared to CS which exhibited
Newtonian behavior with a low viscosity. Another possible
difference maybe the binding of HA to the tissue or greater
ability to localize at the tissue surface due to higher molec-
ular weight and increased entanglement. HA is also known
to behave like a polyelectrolyte solution33 with mm-long con-
tour length polymer chains, that may contribute to its lubri-
cation capability22.
On the other hand, though the difference in the viscosities
of CS 10 mg/ml, and CS 50 mg/ml was quite small
(w4 mPa s), the increase in CS concentration had a signiﬁ-
cant effect on the reduction in startup COF levels. Basalo
et al. have reported a viscosity of 16.7 mPa s for 100 mg/ml
CS C solution, but a (mCS/mPBS) of approximately 0.24
15
which is lower than the similar ratio of 0.57 for CS 50 mg/ml
obtained in this study. The authors also reported that
replacing the CS C 100 mg/ml solution with a polyethylene
glycol (PEG) solution of similar viscosity failed to reduce
the friction levels when compared to PBS15. These ﬁndings
along with the large reductions in COF levels with a small in-
crease in the viscosity levels of CS solutions, suggested that
viscosity, at least in the range of viscosities used here, may
not be the only factor that modulated the lubrication behaviorrmation of GAG depleted articular cartilage derived through inden-
formed in a PBS bath. Error bars: SE (n¼ 6).
Fig. 7. DMB assays. DMB1 e dimethylmethylene blue assay for native cartilage, native cartilage treated with CS 10 mg/ml and CS 50 mg/ml
(n¼ 3 per condition). DMB2 e dimethylmethylene blue assays conducted sequentially at three stages for cartilage specimens (n¼ 3) when
they are in native condition, after they are treated with CaseABC enzyme and followed with CS 50 mg/ml treatment. Error bars: SE (n¼ 3).
*p< 0.05, **p< 0.001.
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may have a speciﬁc afﬁnity for lubricants with negatively
charged groups, and hydroxyl groups on their chains
(common features for both HA and CS) that may help them
adsorb better to the cartilage surface providing effective
lubrication.
In the Static friction model, CS, both in the form of a lubri-
cant and as a treatment medium failed to decrease the COF
levels at shorter pre-loading times (<10 min for CS10 mg/ml,
and <5 min for CS 50 mg/ml) when compared to PBS
(Figs. 3 and 4). The ﬂuid phase load support is very high
(w90%) at these short loading times due to the biphasicFig. 8. Fluorescence microscopy images of Fluorescein-amine conjugated
tive and GAG deﬁcient articular cartilage. Images show transverse section
plain 50 mg/ml CS, (b) native cartilage treated with 10 mg/ml CSF, (c) nat
treated with 10 mg/ml CSF and (e) GAG deﬁcient cartilagnature of cartilage21, resulting in a very low COF. Hence
the presence of additional CS did not inﬂuence the COF at
these short loading times. This argument was also supported
by the results found in the Dynamic friction model for native
cartilage, in which CS either as a lubricant or treatment solu-
tion, did not have any effect on the already low COF through-
out the 1 h tests (Figs. 1 and 2). In theDynamic frictionmodel,
due to the continuous translation of the contact zone and the
resulting cyclic unloading of previously loaded cartilage tis-
sue, the ﬂuid phase load support is maintained at a very
high level throughout the length of the test5,16,34. Even at
50 mg/ml concentration where CS was able to diffuse intochondroitin sulphate chondroitin sulphate (CSF) localization in na-
s of cartilage tissue treated for 24 h (a) native cartilage treated with
ive cartilage treated with 50 mg/ml CSF, (d) GAG deﬁcient cartilage
e treated with 50 mg/ml CSF. Scale bars e 500 mm.
1007Osteoarthritis and Cartilage Vol. 17, No. 8the cartilage tissue, there was no change in the COF for na-
tive cartilage. This ﬁnding suggested that the absorbed CS
solution was unable to contribute to the ﬂuid load support be-
ing offered by the tissue. The absorbed CS may simply be
soaking into the tissue rather than becoming integrated
with the extracellular matrix (ECM) to effectively increase/in-
ﬂuence the ﬂuid load support offered by the tissue under
load. Further, if supplemental CS fails to integrate with the
ECM of cartilage tissue, it may very quickly get exuded out
under continuous loading.
The failure of CS that diffused into the cartilage tissue to
integrate with the ECM was evident again in the case of the
Dynamic friction model with GAG deﬁcient (CaseABC
treated) articular cartilage (Fig. 5). GAG depletion with
CaseABC treatment of the cartilage specimens increased
the COF in the Dynamic friction model as shown before9,10.
The treatment of these GAG deﬁcient specimens with CS
50 mg/ml did not reduce the raised COF levels to that of na-
tive cartilage specimens. Even after the diffusion of addi-
tional CS into the tissue, there was no recovery of the lost
ﬂuid load support/biphasic lubrication that resulted from
GAG depletion.
Similar ﬁndings were evident in the indentation tests of
GAG deﬁcient articular cartilage. GAG depletion increased
the permeability slightly10 and decreased the elasticmodulus
of the solid matrix of cartilage signiﬁcantly resulting in almost
70%more equilibriumdeformationwhen compared to the un-
treated native cartilage specimens.CS50 mg/ml treatment of
these GAG deﬁcient cartilage samples failed to lower the
raised deformation levels to that of native cartilage speci-
mens. The deformation and friction results coupled with the
ﬁnding that thediffusion levels of supplementalCSwerehigh-
est for GAG deﬁcient cartilage strongly suggest that the sup-
plemental CS failed to integrate with the ECM of cartilage
both, when there was a deﬁciency of GAGs in the matrix;
and when the cartilage was in its native state. In the future,
it may be important to consider strategies that can aid in the
integration of supplemental treatment materials to the ECM
of cartilage to enhance cartilage repair. Such materials/lubri-
cants, while preserving their lubrication ability, may have the
potential to inﬂuence the ﬂuid phase load support of cartilage,
that arguably plays the most important role in the tribological
function of articular cartilage.
In the current study, both the cartilage pins and plate
specimens were obtained from the patello-femoral grooves
of the bovine knee joints, instead of the more physiological
choice of pins from the femoral condyles and plates from
the tibial plateaus. This choice of location permitted pin
and plate specimens that had ﬂat surfaces and were large
enough to represent large contact areas observed anatom-
ically. Although coplanarity was not measured, which re-
mains a limitation of the study, the baseline COF levels
and trends observed in the study for native specimens un-
der Dynamic conditions were very close to those observed
in other studies10,21,22,35e37 under similar conditions. This
indicated a satisfactory, consistent acquisition technique
and the quality of the cartilage specimens used. The role
of other molecules such as lubricin and HA interacting
with supplemental CS was not studied and remains as a lim-
itation of the study. Lubricin and HA have been demon-
strated as boundary lubricants, and changes in their
compositions or localization on the surface due to the treat-
ments used in the study may have inﬂuenced the outcomes.
Lastly, CaseABC treatment is known to alter the structure of
the cartilage specimen surfaces10, and this change in archi-
tecture of the tissue may also have an effect on the mea-
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